Objectives: Obesity and obesity-associated inflammation is central to a variety of end-organ sequelae including atherosclerosis, a leading cause of death worldwide. Although mouse models have provided important insights into the immunopathogenesis of various diseases, modeling atherosclerosis in mice has proven difficult. Specifically, wild-type (WT) mice are resistant to developing atherosclerosis, while commonly used genetically modified mouse models of atherosclerosis are poor mimics of human disease. The lack of a physiologically relevant experimental model of atherosclerosis has hindered the understanding of mechanisms regulating disease development and progression as well as the development of translational therapies. Recent evidence suggests that housing mice within their thermoneutral zone profoundly alters murine physiology, including both metabolic and immune processes. We hypothesized that thermoneutral housing would allow for augmentation of atherosclerosis induction and progression in mice. Methods: ApoE À/À and WT mice were housed at either standard (T S ) or thermoneutral (T N ) temperatures and fed either a chow or obesogenic "Western" diet. Analysis included quantification of (i) obesity and obesity-associated downstream sequelae, (ii) the development and progression of atherosclerosis, and (iii) inflammatory gene expression pathways related to atherosclerosis. Results: Housing mice at T N , in combination with an obesogenic "Western" diet, profoundly augmented obesity development, exacerbated atherosclerosis in ApoE À/À mice, and initiated atherosclerosis development in WT mice. This increased disease burden was associated with altered lipid profiles, including cholesterol levels and fractions, and increased aortic plaque size. In addition to the mild induction of atherosclerosis, we similarly observed increased levels of aortic and white adipose tissue inflammation and increased circulating immune cell expression of pathways related to adverse cardiovascular outcome.
INTRODUCTION
Obesity, a pandemic, is closely associated with the development and progression of atherosclerosis, the leading cause of mortality in the United States [1, 2] . In fact, along with age, increased body weight is a leading risk factor for atherosclerosis onset [3] . Atherosclerosis, or plaque buildup and immune cell infiltration into the arterial walls, is the most common pathological process leading to cardiovascular disease [2] . However, despite the public health and clinical significance, the molecular mechanisms that regulate atherosclerosis initiation and progression are not fully understood [2] . Consequently, a better understanding of the molecular and cellular pathways and mechanisms driving atherosclerosis pathogenesis could aid in the development of novel therapeutics.
Broad overall similarity in immune function between wild-type (WT) mice and humans has resulted in mice representing the most common experimental model for interrogation of cellular and molecular mechanisms underlying immunopathogenesis of various diseases. However, the same cannot be accomplished for atherosclerosis, as WT mice are highly resistant to atherosclerosis development, even when fed an obesogenic diet [4] . Thus, a major challenge in the mechanistic understanding of atherosclerosis pathogenesis is choosing an appropriate research model. Given the lack of atherosclerosis development in WT mice, a number of knockout and transgenic mouse models, despite their distinct drawbacks, have been utilized to delineate the mechanisms underlying atherosclerosis [4] . The most widely used mouse models involve the genetic deletion of low-density lipoprotein receptor (Ldlr) or apolipoprotein E (ApoE) [4e6] . Ldlr À/À mice fed high fat, high cholesterol "Western" diets develop features of more advanced atherosclerotic lesions [5] . Fundamentally, however, Ldlr À/À mice exhibit levels of hypercholesterolemia that far exceed that seen in most patients with atherosclerosis and primarily provide a model of familial hypercholesterolemia [5] . Notably, familial hypercholesterolemia condition is rare in humans, despite the propensity of LDL-driven atherosclerosis in humans [5] . In contrast, although ApoE À/À mice develop early fatty streaks which evolve into complex lesions [6] , ApoE À/À deficiency is rare in humans and results in a markedly different lipid profile (dramatically elevated cholesterol levels and a predominance of VLDL, as opposed to LDL) [5, 6] . Further, it has been reported that ApoE has anti-inflammatory potential, and ApoE deficiency drives an aberrant immune response associated with exacerbated levels of cytokine production and autoimmune disorders [7] . While the differences between animal and human atherosclerosis is typically attributed to fundamental biological differences between species, recent data suggest that the environmental conditions ubiquitously employed in mouse housing lead to profound physiological alterations [8e11] e something that may impair our ability to model atherosclerosis in mice. Laboratory mice are standardly housed at 19e 22 C (T S ), a temperature chosen for the comfort of clothed handlers [12] . However, the thermoneutral zone (T N ), temperature at which metabolic homeostasis is maintained, for Mus musculus is 29e32 C [13] . Thus, laboratory mice are subjected to constant cold stress, the extent of which can be measured by a dramatic decrease in heart rate (z200 bpm) and basal metabolic rate (50e60%) in mice housed at T N as opposed to T S [13] . Specifically, among other physiological changes, housing mice at T N , as opposed to T S , (a) reduces sustained sympathetic nervous system activationdassociated with decreased heart rate, (b) enhances the immune response to a variety of pathogens (typhus, rhinovirus, LPS, etc.) and tumors, and (c) augments obesity development [8,10,12e17] . The emergence of ambient temperature as a potential variable in disease modeling has already gained interest in the atherosclerosis field. Specifically, recent, seminal reports have suggested both that severe cold exposure (5 C) promotes atherosclerosis [18] and that T N housing, in combination with obesogenic Western diet (WD) exacerbates atherosclerosis [19] . However, these reports focused on atherosclerosis induction in ApoE À/À or Ldlr À/À mice [18, 19] . Thus, we hypothesized that modulation of ambient temperature would allow for exacerbated inflammation and the induction of atherosclerosis development in athero-resistant WT mice on a C57BL/background, resulting in a novel experimental model to study disease pathogenesis. Here, we confirmed previous reports [19] that housing mice at T N , in combination with WD, profoundly augmented obesity development and promoted atherosclerosis in not only ApoE À/À mice. Further, we show, for the first time, that T N housing in combination with WD promoted mild induction of atherosclerosis in WT mice as well. This increased disease burden was associated with altered cholesterol levels and fractions, augmented lipid profiles, and increased aortic plaque sizes. Further, the initiation of atherosclerosis in WT mice was accompanied with increased aortic and adipose tissue expression of inflammatory genes known to play a role in atherosclerosis, and increased circulating immune cell expression of pathways related to adverse cardiovascular outcome.
METHODS

Mice
Male WT and ApoE À/À mice on a C57BL/6 background were purchased from Jackson Laboratories and bred at Cincinnati Children's Hospital Medical Center (CCHMC). All mice were housed in a specific pathogen-free (spf) facility, within the same barrier, with free access to irradiated food and water. Mice were housed either in a standard housing unit maintained at 22 C or a thermoneutral room maintained at 30e33 C. Mice were provided care in accordance with the Guide for the Care and Use of Laboratory Animals. All studies were approved by the CCHMC IACUC.
Atherosclerosis model Diets:
Mice were purchased at 6 weeks of age and housed in either a spf thermoneutral room (30e33 C) or spf standard room (22 C). After a 2-week acclimation period, mice were fed either an obesogenic "Western" diet (WD; 21% fat [wt/wt], 0.3% cholesterol; Dyets Inc. # 101977) or a chow diet (CD; LAB Diet #5010) ad libitum for 12 weeks (ApoE À/À mice) or 24 weeks (WT mice). Animal body weight and food consumption were quantified weekly. Fresh food was provided on a weekly basis. All mice were fasted overnight before sacrifice. At sacrifice, mice were anesthetized with isoflurane, exsanguinated by cardiac puncture, and perfused with phosphate buffered saline (PBS), followed by 10% sucrose in PBS. The heart was separated from the aorta at the root and embedded in OCT medium for sectioning.
Total body adiposity
Total body fat and lean and water mass were determined by nuclear magnetic resonance (Whole Body Composition Analyzer; Echo MRI) [20] .
Atherosclerotic lesion size
Hearts were sectioned through the aortic root (8 mm) and stained with hematoxylin and eosin for lesion quantification or used for immunohistochemical analysis as previously described [21] . For morphometric analysis of lesions, 6 sections per mouse were imaged (Nikon Eclipse) with Image Pro Plus, spanning the entire aortic root, and lesions were quantified using iVision Software. Oil Red O and CD68 staining were performed to detect neutral lipid and lesional macrophages as described previously [21] . 
Macrophage isolation
Murine thioglycollate elicited peritoneal macrophages (EPMs) were generated using standard protocol [25] . EPMs (1 Â 10 6 cells/well) were cultured for 4 h and subsequently stimulated with LPS (100 ng/ ml) for 18 h to determine cytokine production by ELISA.
RNA sequencing and gene expression quantification
Circulating immune cells were isolated by terminal blood collection and subjection to ficoll gradient separation from mice fed an obesogenic diet (Research Diets #D12492) for 8 weeks. To eliminate contaminating cells, CD45þ cells were positively selected by magnetic separation (Miltenyi Biotec). Gene expression was determined by running 50 base pair single-end reads (w20 million reads per sample). All analyses were performed in Strand NGS v2.5.1. Following the removal of primers and barcodes, raw reads were aligned to the mouse reference genome (mm10). Annotations were produced by RefSeq (NCBI Reference Sequence Database). Aligned reads were filtered on base quality (quality threshold !30, zero 'Ns' allowed). Reads per kilobase per million reads (RPKMs) were computed for each sample from aligned gene read counts (N ¼ 36,186 transcripts). Raw counts were normalized (DESeq algorithm), thresholded to 1, baselined to the median of all samples, and further filtered to require at least three reads per transcript in all samples in at least one experimental condition (N ¼ 14332 transcripts). Differential expression was defined as a fold change !2, with a P-value < 0.05, between experimental conditions. Raw data can be accessed at GSE80976.
Cytokine levels
For quantification of in vivo cytokine production, in vivo cytokine capture assays (IVCCA) were completed as previously described [24, 26, 27] . Briefly, biotinylated capture antibodies (all eBioscience) were injected intravenously, and terminal serum collection was performed 24 h later. For in vitro production, ELISAs for murine IL-6 and IFNg (BD) were employed as previously described [24, 26] .
Statistical analysis
Based on preliminary data, we assumed a normal distribution and employed parametric tests for statistical analysis. Student's t-test was used when the comparison was two groups, while a one-way ANOVA was employed for three or more groups, with Tukey's post hoc test to assess differences between specific groups. Statistical analysis was completed using Prism 5a (GraphPad Software, Inc.). All values are represented as means AE standard error mean (SEM).
RESULTS
Thermoneutral housing exacerbates obesity and atherosclerosis in ApoE
À/À mice Thermoneutral (T N ) housing allows for the development of obesity in nude miceemice normally resistant to diet-induced obesity [14] . However, the role of T N housing in the development of atherosclerosis is less clear. Literature conflicts as to whether temperature-driven metabolic neutrality [19] or severe cold-driven stress [18] modulates atherosclerosis pathogenesis. Given that humans widely live in metabolic comfort [28] , and T N housing has been demonstrated to alter metabolism and inflammation [12, 14] , we hypothesized that T N housing in combination with WD would exacerbate obesity and atherosclerosis. ApoE À/À mice were housed in a standard (T S ) or T N room and fed either WD or CD. Mice housed at T N gained significantly more weight than counterparts housed at T S ( Figure 1A ). Of note, this weight gain correlated with increased adiposity ( Figure 1B ), but was uncoupled from increased food/caloric intake ( Figure 1C ). Thus, these data confirm a previous report [19] and highlight the impact of T N housing on metabolic homeostasis and obesity development and suggest that thermoneutrality, in combination with WD, exacerbates obesity in ApoE À/À mice.
As obesity is a primary risk factor for development of atherosclerosis, we next evaluated whether T N housing of ApoE À/À mice affects atherosclerosis pathogenesis. As shown in Figure 1D , although WD feeding increased total cholesterol levels, T N housing did not synergistically augment total serum cholesterol levels in ApoE À/À mice or alter the proportion of vLDL, LDL, and HDL cholesterol fractions in ApoE À/À mice fed WD ( Figure 1E ). Quantification of serum triglycerides similarly revealed no differences between T N and T S housing ( Figure 1F) . Notably, however, T N -housed ApoE À/À mice displayed significantly augmented levels of serum non-esterified fatty acids (NEFAs), a known marker and risk factor for atherosclerosis induction ( Figure 1G ) [29] . Quantification of lipid deposition in the aorta, via Oil Red O staining, revealed that WD fed, T N -housed ApoE À/À mice had significantly higher levels of aortic lipid accumulation ( Figure 1H ) and significantly larger atherosclerotic plaques ( Figure 1I ). Despite increased lipid deposition and lesion size, T S and T N housed ApoE À/À mice fed WD had similar levels of aortic CD68 þ macrophage infiltration ( Figure 1J ). However, expression of genes related to increased macrophage activation, Th1 cell infiltration, and production of proinflammatory cytokines were upregulated in the aortic roots of mice housed at T N ( Figure 1K ). Notably, increased macrophage activation, characterized here by increased ICAM-1 expression and decreased ALDH2, as well as Th1 cell infiltration, and production of IL-6, IFNg, and TNF previously have been associated with atherosclerosis pathogenesis ( Figure 1K ) [2, 30, 31] . These data confirm a previous report which demonstrated increased atherosclerosis in ApoE À/À mice housed at T N [19] . Therefore, T N housing augments inflammation, immune cell activation, and the propensity of ApoE À/À mice to develop atherosclerosis, despite similar levels of serum cholesterol and aortic macrophage infiltration. . ANOVA with Tukey's correction *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (K) Student's t-test *P < 0.05, **P < 0.01, ***P < 0.001.
Brief Communication the development of aortic lesions in WT mice, allowing for a novel, more "human-like" model of atherosclerosis. When fed WD, T Nhoused WT mice gained significantly more weight than their T S -housed counterparts ( Figure 2A) . Notably, increased obesity was associated with an increased proportion of total body fat mass compared to T S housed mice ( Figure 2B ) and increased inguinal and perirenal adipose tissue deposition, both of which have been shown to increase risk for heart disease ( Figure 3C ,D) [32] . However, increased weight gain was independent from increased food intake ( Figure 2E ) and likely associated with altered energy expenditure at T N [14] . Additionally, in agreement with a previously published report [19] , despite an increase in fasting glucose levels in WD fed animals, T N housing did not further alter glucose homeostasis compared to T S housing ( Figure 2F ). In sum, these data suggest that T N housing accelerates and exacerbates obesity and augments adipose tissue distribution in WT mice fed WD.
3.3. Thermoneutrality allows for induction of atherosclerosis in WT mice As T N housing exacerbates obesity development in WT mice, we next evaluated whether T N housing promoted initiation of atherosclerosis development in WT mice. As shown in Figure 3A , T N housing in combination with WD feeding, compared to T S housing, significantly increased total serum cholesterol levels, specifically serum LDL levels ( Figure 3B ), the predominate cholesterol fraction which drives human disease [2] . This increase in LDL vs HDL was supported by a reduced expression of ABCA1 in the liver of T N -housed, WD fed animals ( Figure 3C ). ABCA1 is a critical transporter for the formation of HDL, and its expression correlates with HDL levels and protects from atherosclerosis [33] . Further, T N housing in combination with WD feeding also increased serum NEFA levels without impacting serum triglyceride levels, as compared to T S -housed WT mice ( Figure 3D ,E). Quantification of atherosclerotic lesion size revealed that T N -housed WT mice fed WD had a significant induction of atherosclerotic lesions ( Figure 3F ). Additionally, T N -housed, WD-fed mice exhibited increased aortic root F4/80 expression compared to T S -housed counterparts, something suggestive of increased macrophage infiltration ( Figure 3G ). Additionally, there was also an observed decrease in ALDH2 gene expression, which is known to inhibit macrophage driven atherosclerosis [31] . Further similar to ApoE À/À mice, WT mice also exhibited increased aortic root expression of genes related to macrophage activation, Th1 cell infiltration, and IL-6, IFNg, and TNF production ( Figure 3G ). In sum, these data suggest that T N housing, in combination with WD-stress, significantly alters serum lipid profiles and promotes induction of mild atherosclerosis in WT mice.
Increased inflammation and expression of pathways associated with atherosclerosis
To begin to elucidate the mechanisms underlying T N -driven atherosclerosis induction, we evaluated the impact of T N housing on the inflammatory profile in WT mice. Notably, inflammation is central to atherosclerosis pathogenesis [2] . Analysis of circulating cytokine levels in T N housed WT mice revealed increased serum levels of proinflammatory cytokines ( Figure 4A ) [2] . Macrophage-driven inflammation, systemically and in the adipose tissue, contributes to atherosclerosis pathogenesis [34] and pathogenesis of other metabolic diseases [35] . Thus, we next evaluated macrophage activation and function at T N . Macrophages from T N , as compared to T S -housed mice, produced increased levels of proinflammatory cytokines IL-6 and IFNg, and decreased levels of the anti-inflammatory cytokine IL-10 following bacterial ligand challenge ( Figure 4B ). Further, despite similar macrophage infiltration, as quantified by F4/80 ( Figure 4C ), into the adipose tissue [36] , T N -housed mice displayed increased expression of CCL2, CCR2, and IFNg, critical regulators of adipose tissue inflammation [19] , and reduced Arg1 expression ( Figure 4C ). These data suggest a predilection towards an inflammatory M1 polarization phenotype at T N [34] . Notably, an inflammatory M1 skewing is associated with increased atherosclerosis, while an M2 promotion seems to be protective [34] . Given that obesity and T N housing alters adipose inflammation, we next examined whether there was a systemic effect by evaluating the gene expression profiles in primary blood mononuclear cells (PBMCs) of T N or T S housed mice fed obesogenic diet. Notably, T N housing significantly upregulated gene expression pathways associated with cardiovascular disease ( Figure 4D and Supplementary Table 1) . Expression of select genes associated with abnormal cardiovascular system physiology was further verified via qPCR ( Figure 4E ). These data suggest that increased inflammation observed at T N , may contribute induction of mild atherosclerosis in WT mice. ANOVA with Tukey's correction *P < 0.05, ***P < 0.001. (C and G) Student's t-test *P < 0.05, **P < 0.01, ***P < 0.001.
DISCUSSION
Obesity has emerged as a leading risk factor for induction of atherosclerosis [1] , a primary cause of mortality in the US [37] . Despite the clinical and public health significance, effective therapies for atherosclerosis are lacking. Additionally, animal models of atherosclerosis fail to properly mimic human disease. Development of novel treatment strategies for atherosclerosis will likely depend on our ability to better experimentally model the disease development and progression. Of note, the temperature at which mice are housed affects their heart rate, weight gain, and inflammation [8e14] e physiological parameters all shown to play an important role in atherosclerosis. Our data confirm previous findings [19] and demonstrate that housing mice at T N , in combination with WD, led to increased atherosclerosis pathogenesis in ApoE À/À mice. Further, our data, for the first time, demonstrate induction of mild atherosclerosis in WT mice. Increased atherosclerosis induction and progression was associated with increased weight gain, adiposity, and altered serum cholesterol levels and profiles. Specifically, in addition to the mild induction of atherosclerosis, we similarly observed increased levels of systemic, aortic and white adipose tissue inflammation, macrophage activation and circulating immune cell expression of genes associated with adverse cardiac outcomes. This increased disease burden was associated with altered lipid profiles, including cholesterol levels and fractions, and increased aortic plaque size. Thus, our data suggest that housing mice at T N represents a novel, improved murine model of inflammatory atherosclerosisda model in which the molecular mechanisms regulating disease progression potentially can be more fully interrogated. Of particular interest, a more thorough investigation of the role of the immune system in the induction of atherosclerosis may be possible now.
While the mechanisms underlying atherosclerosis pathogenesis remain incompletely defined, it is well accepted that inflammation plays a central role in disease pathogenesis [2] . Of note, housing mice within their thermoneutral zone drives increased immune function in obesity, infection, and tumor models [10, 14, 38] , but whether specific immune pathways are upregulated by T N housing in either ApoE À/À or WT mice is unknown. Our data suggest that T N housing, in combination with obesogenic diet, drives a significant increase in the expression of genes associated with a variety of adverse cardiac outcomes. These data suggest that T N housing may allow for improved modeling of multiple cardiac diseases, although formal evaluation of kinetics and diets will need to be completed. Further, given that these gene expression pathways are increased specifically in immune cells, evaluation of differential inflammatory pathway expression in T N versus T S -housed mice fed WD could yield insight into novel, critical inflammatory pathways central to atherosclerosis progression. Analysis of serum cholesterol in WT mice fed WD revealed that these mice exhibited increased levels of LDL. Notably, LDL drives cholesterol accumulation in the aortic wall and acts as a ligand for macrophage activation. In addition to increased LDL levels, it is not known whether housing mice at T N augments the inflammatory response to LDL. Thus, utility of T N housing could represent an initial step towards defining the underlying mechanisms of increased inflammatory response to LDL in atherosclerosis. Additional experiments evaluating the response of immune cells in T N housed mice to LDL may aid in understanding how environmental changes augment mouse physiology and identifying novel, or previously underappreciated immune mediators in atherosclerosis. In fact, such findings may be highly relevant for the development of new therapies for atherosclerosis. A central site of inflammation during obesity is the adipose tissue [35] . Increased activity of inflammatory macrophages in the adipose tissue has been associated with the exacerbation of obesity's downstream sequelae, including insulin resistance [35] . While macrophage driven inflammation in the arterial wall is central to atherosclerosis [34] , the impact of increased adipose tissue macrophage activation on atherosclerosis is less well-understood. A published report suggests that obesity induction at T N housing allows for increased macrophage infiltration to the adipose tissue in both WT and ApoE À/À mice [19] .
This increased infiltration was also associated with an increased skewing of M1 over M2 macrophages and increased atherosclerosis induction in ApoE À/À mice [19] . However, whether altering the macrophage phenotype (M1 or M2) or the numbers infiltrating the adipose tissue affects atherosclerosis induction requires further examination. To this point, T N housing may represent a model for characterizing the mechanisms inducing and maintaining macrophage polarization. Further, T N housing may represent a novel model where the critical loci of inflammation and critical cell type(s) in atherosclerosis can be further explored. Given that T N housing alters the immune response, food intake, and weight gain, it is likely that it also alters the intestinal microbiome. As both a metabolic disorder and inflammatory disease, the pathogenesis of atherosclerosis has, in fact, been linked to the intestinal microbiome [39] . Intuitively, an altered microbiome may affect atherosclerosis initiation and/or progression through a variety of mechanisms including increased LPS production, cholesterol uptake, altered systemic metabolic function, or inflammation [39] . To date, a majority of studies implicating the microbiome in atherosclerosis pathogenesis remain correlative. In addition to the complexities underlying microbiome composition and atherosclerosis progression, the lack of a cohesive model has also impacted the relatively little mechanistic data concerning this link. As T N housing represents a novel model of atherosclerosis, largely devoid of need for genetic alterations, evaluating the microbiome differences of mice housed at varying temperatures may provide insight into whether specific bacteria are critical to atherosclerosis development and progression. Subsequent studies involving monocolonization of specific bacteria may allow for initial mechanistic studies in determining the link between the microbiome and atherosclerosis pathogenesis. Finally, studying the pathogenesis of atherosclerosis in female mice has not been widely performed. This is likely due to the fact that female mice are protected from diet-induced obesity, as compared to male mice [40] . However, human obesity rates are similar in both men and women, and atherosclerosis is the leading cause of mortality in both sexes [41, 42] . As T N housing significantly augments weight gain in male mice fed WD, whether or not this is the case for female mice requires further exploration. In fact, if T N housing were to promote obesity and atherosclerosis in female mice, it may allow for the realization of various gender-related mechanisms involved in atherosclerosis development and progression. In sum, this report describes a novel, inflammatory murine model for atherosclerosis in the absence of previously utilized genetic manipulations. While atherosclerosis induction in WT mice was mild (compared to ApoE À/À mice), and likely requires further optimization, this approach represents a significant step forward in atherosclerosis modeling. In fact, further manipulation of atherosclerosis induction in T N housing may improve our ability to interrogate the metabolic and immune mechanisms central for atherosclerosis initiation and progressiondsomething that may lead to the development of novel therapeutic approaches. Given the growing obese population worldwide, it is unlikely that morbidity and mortality associated with atherosclerosis will diminish without development of novel therapies.
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